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A method to aid in the analysis of bacterial samples of unknown concentration by matrix-
assisted laser desorption/ionization (MALDI) mass spectrometry is demonstrated. It is shown
that in MALDI analysis of bacteria, the intensities of resulting peaks in spectra are sensitive to
the microbial concentration. At the high and low ends of the concentration range, no signal can
be obtained, leaving very concentrated or very dilute samples indistinguishable. The addition
of cytochrome c as an internal control allows the differentiation of these concentrated and
dilute samples. The presence of the internal control causes only a 20% to 30% decrease in signal
intensity when the bacterial concentration is optimum. However, the signal quality is
improved when the internal control is added to some low concentrations of bacteria. (J Am
Soc Mass Spectrom 1999, 10, 1131–1137) © 1999 American Society for Mass Spectrometry
Matrix-assisted laser desorption/ionization(MALDI) time-of-flight mass spectrometry isa powerful analytical tool that was developed
in 1987 by Karas and Hillenkamp [1]. The advantages of
MALDI mass spectrometry include high sensitivity,
short time of analysis, and the ability to desorb intact
molecules weighing up to 500,000 Da [2]. The gentle
sample ionization makes MALDI useful for the analysis
of many types of molecules, including fragments of
deoxyribonucleic acid (DNA), small organic and inor-
ganic molecules, peptides, and proteins [3].
MALDI mass spectrometry has also opened up an
exciting new area of research in the rapid identification
of bacteria. Several different classes of ions from bacte-
ria have been studied using mass spectrometry, includ-
ing phospholipids, carbohydrates, and proteins [4–8].
Protein assays are particularly appealing because pro-
teins are easily observed by MALDI mass spectrometry,
and typical bacterial cells are 60%–70% protein by dry
weight [7]. The diversity of proteins present in various
species of bacteria may allow for differentiation and
identification of bacteria based on the sets of peaks with
masses between approximately 2,000 and 20,000 Da [9].
The ions observed in this range are thought to be
proteins from the bacteria [10, 11]. Krishnamurthy
shows that MALDI mass spectrometry can be used to
distinguish between a virulent and a nonvirulent strain
of the same species of bacteria [7, 8]. The ability of
MALDI mass spectrometry to rapidly identify bacteria
has many potential applications. These include detec-
tion of biological warfare agents, detection of patho-
genic bacteria in food, and environmental analysis of
air, water, and soil samples [12, 13].
In MALDI mass spectrometry, the strength of the
signal in the mass spectrum is dependent on many
parameters, including the concentration of the analyte.
Unfortunately, the signal intensity decreases at both
high and low sample concentrations [14]. In addition to
needing an optimum sample concentration for good
signal intensity, the matrix to analyte ratio is important.
One report suggests that this ratio of matrix to analyte
should be in excess of 1000:1 for most applications [15].
In practice, obtaining the optimum matrix to analyte
ratio can be especially troublesome in the analysis of
bacteria and unknown samples. Haddon et al. [16] have
discussed similar difficulties and reported that optimal
MALDI mass spectrometry analysis of E. coli was ob-
tained when about 1 3 107 to 5 3 108 lysed cells were
delivered to the MALDI target for analysis. Simple
optical density (OD) readings of the cell sample can be
obtained to give approximate cell concentrations when
the identity of the bacteria are known and a growth
curve relating OD reading to specific cell concentration
has been completed. Concentrations of bacterial sam-
ples have been optimized prior to MALDI mass spec-
trometry analysis based on OD readings [16, 17]. How-
ever, if the growth curve for a specific bacterium is not
known or the identity of the sample is unknown, the
analyst is left with the time consuming process of
determining the optimum sample concentration for
MALDI analysis by trial and error. In addition, reasons
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for not obtaining a good MALDI signal from an un-
known sample are not always easy to determine. Pos-
sibilities include salt or detergent interference, incorrect
analyte concentration, matrix to analyte ratio, or choice
of matrix material.
In this article, the use of an internal control in the
MALDI mass spectrometry analysis of bacteria is intro-
duced as a tool for determining the relative concentra-
tion of an unknown bacterial sample for MALDI mass
spectrometry analysis. A protein based internal control
is added to bacterial samples, and the presence or
absence of the internal control peak is used to deter-
mine the cause of the absence of bacterial analyte signal
from the MALDI mass spectrum.
Experimental
Materials
Materials were purchased from commercial sources:
tryptic soy broth and Luria-Bertani broth (Difco Labo-
ratories, Detroit, MI); ammonium chloride (J.T. Baker,
Phillipsburg, NJ); sinapinic acid and trifluoroacetic acid
(Aldrich, Gillingham-Dorset, United Kingdom and Mil-
waukee, WI); acetonitrile (Baxter Healthcare, Musk-
egon, MI); phosphate buffered saline (PBS) and horse
heart cytochrome c (Sigma, St. Louis, MO); and zirco-
nium/silica beads (Biospec Products, Bartlesville, OK).
Water was deionized with a Milli-Q water filtration
system (Millipore, Bedford, MA).
Bacterial Sample Preparation
E. coli (HB101) was grown in Luria-Bertani broth with
0.01 mg/mL streptomycin and Xanthomonas campestris
pv. campestris (ATCC 33913) cells were grown in tryptic
soy broth for 16 h. A 1.5 mL aliquot of the bacteria was
centrifuged at 14,000 rpm for 2 min to form a pellet of
cells. The supernatant was then decanted and the cells
were resuspended in sterile 2% ammonium chloride
and centrifuged again. The process of centrifugation
and removal of the supernatant followed by resuspen-
sion of the pellet in 2% ammonium chloride was per-
formed twice. The pellet of cells was then resuspended
in 100 mL of 2% ammonium chloride. The concentration
of the bacteria (cells/mL) was approximated by com-
paring the optical density at 600 nm to a growth curve.
MALDI analysis was typically performed using in-
tact bacterial cells. However, lysed E. coli cells were
used for one experiment. The lysed cells were prepared
by resuspension in 200 mL of PBS buffer and lysed by
mechanical agitation with 0.1 mm diameter zirconium/
silica beads using a Mini-Beadbeater (Biospec Products)
operated at 4600 rpm for 4 min. The cell lysate was
separated from the beads and centrifuged at 10,000 3 g
for 5 min to remove the cellular debris. Salts and high
molecular mass components were removed using a
dual dialysis system comprised of a 300 kDa membrane
in the first stage followed by a 13 kDa membrane in the
second stage [18].
MALDI Sample Preparation
The MALDI matrix consisted of a saturated solution of
sinapinic acid in 30% acetonitrile and 70% deionized
water containing 0.1% trifluoroacetic acid. The internal
control, cytochrome c (MW 5 12,360 Da) in 0.1% triflu-
oroacetic acid, was spiked into the matrix at varying
concentrations. The matrix and the solution of bacterial
cells were premixed in a 2:1 matrix to analyte ratio. The
solution was gently pipetted up and down several times
to facilitate mixing. Immediately following the mixing
of sample and matrix, 2 mL of the mixture was pipetted
into a 2.5 mm diameter sample well on a gold-coated
MALDI plate. Each mixture of sample and matrix was
deposited in two separate wells to create replicate spots.
The samples were dried under a stream of cool air, and
the plate was inserted into the mass spectrometer for
MALDI analysis.
Instrumentation
All experiments were run on a Voyager DE-RP time-of-
flight MALDI mass spectrometer (PerSeptive Biosys-
tems, Framingham, MA) with delayed extraction capa-
bilities and a nitrogen laser with a wavelength of 337
nm. The accelerating voltage was 23 kV with a delay
time of 60 ns between the laser pulse and the ion
extraction to give the ions time to equilibrate. All
samples were analyzed in the linear positive ion mode.
A camera allowed viewing of the samples during
analysis and facilitated the selection of “sweet spots,”
where the greatest signal intensity could be found. Each
spectrum was an average of 128 laser shots. Two spectra
were taken from each well, each spectrum coming from
a different region of the well. This yielded a total of four
spectra for each sample condition. Samples containing
the internal control cytochrome c were internally cali-
brated using the doubly and/or singly charged ions of
cytochrome c, depending on the intensity of the doubly
charged cytochrome c ion. Samples without cytochrome
c were externally calibrated using the doubly and singly
charged ions of cytochrome c from an adjacent spot
containing matrix and cytochrome c.
Results and Discussion
Dependence of Signal Intensity on Bacterial
Concentration
Bacterial samples with concentrations ranging from
2 3 105 to 3 3 107 cells/mL when mixed with matrix
were analyzed using MALDI mass spectrometry. The
average signal intensity of the two largest peaks in the
MALDI mass spectrum of the bacteria as a function of
bacterial concentration for three spectra is shown in
Figure 1. The error bars represent the standard devia-
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tion from four replicates. It was found that E. coli
produced good MALDI mass spectra at concentrations
between approximately 7 3 105 and 2 3 107 cells/mL.
Within this range, the signal intensity from the bacteria
at 1.5 3 107 cells/mL was the highest, as shown in
Figure 1. Above and below this range, the signal inten-
sity decreased, eventually showing only noise. Figure 2
shows spectra obtained from three different concentra-
tions of bacteria. In the range of optimum bacterial
concentration, numerous peaks were seen and may
allow the bacteria to be identified [5–7]. At concentra-
tions that were much higher and much lower than the
optimum bacterial concentration, the spectra contained
only noise in the m/z range of 3000 to 14,000 Da. Spectra
from the high and the low concentrations of bacteria
were indistinguishable, neither yielding any useful in-
formation. If the initial sample produced no MALDI
mass spectral signal, it was difficult to know why no
signal was produced. The internal control helped pro-
vide some guidance as to why the experiment failed
and in the case of the dilute bacterial samples gave at
least some indication that the instrument was function-
ing properly and that sample contamination such as
salts or detergents was not severely affecting the anal-
ysis. Note that the purpose of this study was not to
optimize the sensitivity of MALDI mass spectrometry.
Therefore, it is quite possible that strong MALDI spec-
tra could be obtained from lower concentrations of
bacteria if different matrices and sample preparation
procedures were used.
The reasons for low signal intensity are different at
each end of the cell concentration range. When the
sample is too dilute, there are not enough ions reaching
the ion detector to result in a peak that rises above the
Figure 1. Average intensity of the two strongest peaks in the
MALDI spectrum of E. coli vs. concentration of E. coli. No internal
control in the matrix. The error bars represent the standard
deviation from four replicates.
Figure 2. MALDI spectra of X. campestris using sinapinic acid as matrix, with no internal control. (a)
Bacteria too concentrated. (b) Near optimum bacterial concentration. (c) Bacteria too dilute.
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background noise. The suppression of the MALDI mass
spectral signal in samples of high concentration may be
due to the interaction between the analyte molecules
and the matrix. The matrix serves two purposes in the
MALDI process. It separates the analyte molecules from
each other to minimize intermolecular forces, and it
absorbs energy from the laser, transferring it to the
analyte molecules in a process which results in desorp-
tion and ionization [19]. If there is not enough matrix for
the amount of sample present, both of these functions of
the matrix will be inhibited. In this case, the matrix does
not diminish the intermolecular forces between the
analyte molecules as significantly, requiring more en-
ergy to desorb each analyte molecule. In addition, if
there is an insufficient amount of matrix present, the
amount of energy deposited in each analyte molecule
will be insufficient to desorb and ionize the analyte.
This view was supported by the observation that in-
creasing the laser power resulted in the appearance of a
signal from samples that were thought to be too con-
centrated. However, it should be noted that increasing
the laser power often results in broad peaks with poor
resolution [20]. Addition of an extra layer of matrix will
often improve analyte signal response from concen-
trated samples.
Use of Internal Control
When a sample yielded a MALDI mass spectrum with
no peaks, the addition of a low concentration of cyto-
chrome c to the matrix resulted in a MALDI mass
spectrum, which contained enough information to de-
termine whether the sample was too concentrated or
too dilute. Figure 3 shows the spectra obtained from
samples of bacteria with 5 mg/mL cytochrome c added
to the matrix. When the bacteria were too dilute, a
cytochrome c peak could be seen at 12,361 Da. This
internal control peak was never seen in the spectra from
bacterial solutions that were too concentrated. This is
most likely due to the fact that the signal intensity is
dependent upon the matrix to total analyte ratio [15].
The poor MALDI mass spectral signal from the high
concentration of bacteria was due to an insufficient
amount of sinapinic acid matrix relative to the “ana-
lyte” in the matrix/analyte mixture. Adding more ana-
lyte in the form of cytochrome c further decreased the
matrix to analyte ratio, which was already too low.
Thus, as observed, it would not be expected that cyto-
chrome c ions would be seen when added to a sample
of bacteria that was too concentrated to produce a
MALDI mass spectral signal. When the concentration of
Figure 3. MALDI spectra of X. campestris using sinapinic acid as matrix, with 5 mg/mL cytochrome
c internal control (m/z 5 12,361). (a) Bacteria too concentrated. (b) Near optimum bacterial
concentration. (c) Bacteria too dilute.
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bacteria was near optimum, peaks were seen from both
the bacteria and the internal control. The overall ap-
pearances of the spectra were not affected by the
addition of cytochrome c, with the exception of the
presence of the doubly and singly charged peaks of
cytochrome c. These cytochrome c ions are useful for
internal calibration of the mass axis.
Effects of Cytochrome c
Cytochrome c was also used as an internal control for
samples that were already in the correct concentration
range. A comparison of the average intensities of a few
key peaks from the bacteria that were analyzed with
and without cytochrome c showed that the signal
intensity was somewhat affected by the addition of
cytochrome c. At higher concentrations of bacteria, the
signal intensity generally decreased with the addition
of the internal control. This effect was more pronounced
with the addition of 50 mg/mL than with 5 mg/mL
cytochrome c solution (Figure 4). This suppression of
one analyte by a more concentrated analyte is consistent
with the findings of Gusev et al., who were working
with insulin and an insulin derivative [21]. It is impor-
tant to find a minimum concentration of this internal
control for calibration purposes so that analyte sensitiv-
ity is not sacrificed. It was found that 2 mg/mL cyto-
chrome c in the matrix was the minimum concentration
required to consistently see the cytochrome c peak
when the matrix was mixed 2:1 with 2% NH4Cl. How-
ever, approximately 5 mg/mL was needed to produce a
cytochrome c peak intense enough to use for mass axis
calibration. At this concentration of cytochrome c, in-
ternal calibration was feasible with less than approxi-
mately 25% suppression of the bacterial signal.
Figure 4. Average intensity of the two strongest peaks in the
MALDI spectrum of E. coli vs. concentration of E. coli. Matrices
used were sinapinic acid (SA) with no internal control (I.C.), SA
with 5 mg/mL internal control, and SA with 50 mg/mL internal
control. Similar errors as indicated in Figure 1 were obtained.
Figure 5. MALDI spectra of E. coli cell lysate solution, which shows improved signal intensity when
internal control added. (a) No internal control. (b) 5 mg/mL internal control (cytochrome c m/z
12,361).
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Improving Signal Intensity of Low Concentration
Samples
The signal intensity was shown to be dependent upon
the matrix to total analyte ratio. Therefore, a logical
prediction is that the addition of another analyte, such
as an internal control, could result in an increase in
signal intensity for some samples that are too dilute to
produce any peaks under standard conditions. At low
bacterial concentrations close to the detection limit,
cytochrome c was found to improve the signal strength,
if it had any effect. For instance, Figure 5 shows two
spectra of the same E. coli cell lysate sample. One had no
internal control, and the other had 5 mg/mL cyto-
chrome c added to the matrix. The addition of the
internal control resulted in higher signal intensity,
allowing more peaks from E. coli to be seen in the
MALDI mass spectrum. The increase in peak height
caused by an internal control was also seen in the
analysis of dilute whole cell E. coli samples (data not
shown). In these two cases, adding cytochrome c most
likely decreased the matrix to analyte ratio so that the
conditions would be conducive to the desorption and
ionization of molecules from the bacteria.
Conclusions
Cytochrome c was effective as an internal control in the
MALDI mass spectral analysis of bacterial samples. The
addition of 5 mg/mL of cytochrome c to the matrix
solution allowed for use of the cytochrome c ion as a
marker for determining relative sample concentration,
as well as internal calibration of the mass axis. When
bacterial samples were too concentrated or too dilute to
produce peaks in a MALDI mass spectrum, the addition
of cytochrome c allowed these two cases to be differen-
tiated. Near the optimal bacterial concentration, the
signal intensity from the bacteria was slightly attenu-
ated by the addition of internal control. Some samples
that were too dilute showed improvements in their
spectra when matrix containing cytochrome c was used.
These phenomena were explained by the twofold pur-
pose of the matrix, which separated analyte molecules,
and absorbed and transferred energy from the laser.
Conceivably this addition of an internal control
could provide additional insight into difficulties often
encountered with analysis of unknowns. Reasons for
not obtaining a good MALDI signal from an unknown
sample are not always easy to determine. Possibilities
include salt or detergent interference, incorrect analyte
concentration, or matrix to analyte ratio. Obtaining a
signal for the internal control can help verify that
overall the MALDI process is working and that proteins
at the correct concentration should be detectable.
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